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ABSTRACT
Engines with controlled auto-ignition (CAI) combustion offer a number of benefits over conventional spark ignited (SI) and compression ignited (CI) engines, such as much lower NOx emission due to its relatively low combustion temperature, negligible cycle-to-cycle variation due to its self-ignition nature, higher combustion efficiency at part load than its SI counterpart, and low soot emissions since a homogeneous lean air/fuel mixture is being employed. Unlike conventional SI and CI engines, where combustion is directly controlled by the engine management system, the combustion in CAI engines is controlled by chemical kinetics only. Over the past two decades, a number of technologies have been developed to initiate such combustion on both 2 and 4-stroke engines with various fuels, but none of them could maintain the combustion over the wide engine operation range. Remaining problems include control of ignition timing and the heat release rate over the entire engine operation range. This paper reviews some of the engine research results and available data from combustion kinetics studies. It has been observed that the quality of engine charge affects both ignition timing and the heat release rate of CAI combustion, but a certain charge temperature is essential to start the ignition of CAI combustion.
INTRODUCTION
Controlled auto-ignition (CAI) combustion is a combustion process which utilises homogeneous air/fuel mixture, but combustion is initiated by fuel self-ignition. It therefore combines features of both SI and CI combustion. During the compression process, different parts of the charge mixture have different heat capacities due to local in-homogeneities which results in non-unified temperature distribution throughout the combustion chamber. When the hotter parts overcome their threshold energies, ignition of these zones is initiated. The energy exotherm warms and compresses the remainder of the charge, increasing the temperature, until full-scale ignition is established after a short time delay. Therefore, CAI combustion is a thermal environment related auto-ignition process, but ignition itself is controlled by the chemical kinetics of the mixture with relatively little influence of turbulence and mixing. There is no large-scale flame propagation. Potentially, CAI combustion is a third combustion principle for internal combustion engine applications.
Many other names have also been used in recognising this potential combustion strategy, such as:
• Active Thermo-Atmosphere Combustion (ATAC) [1] [2] [3] [4] , Activated Radicals (AR) combustion [5, 6] , Compressed air assisted fuel injection process (IAPAC) [7] , Toyota-Soken combustion (TS) [8] , etc., for two-stroke engines;
• Homogeneous Charge Compression Ignition (HCCI) [9, 10] , Compression Ignited Homogeneous Charge (CIHC) combustion [11] , Premixed Charge Compression Ignition (PCCI), Control Auto-Ignition (CAI) combustion [12] , Diesel combustion under uniform higher-dispersed mixture formation (UNIBUS) [13] , etc., for four-stroke engines.
Over the past two decades, a number of technologies have been developed to initiate CAI combustion in both 2 and 4-stroke engines with various fuels, although none of them could maintain such combustion over the entire engine operation range. The problems that remain are concerned with difficult control over the entire range of engine speeds and loads, high HC and CO emissions, and high peak pressures.
The problem of controlling CAI combustion is directly linked to ignition timing management. Two requirements needing to be addressed are the start of auto-ignition should occur around top dead centre (TDC), and the rate of heat release should be controllable. Unlike SI and CI combustions where the start of ignition and the rate heat release are directly controlled by the engine management systems, in CAI combustion, these two parameters are controlled mostly by its chemical kinetics. Direct controlling methods are, therefore, not suitable for CAI engines.
There are a number of in-direct control methods, which have the potential of controlling the timing of auto-ignition and the rate of heat release of CAI combustion. These can be generally divided into two categories:
• modifying the air/fuel mixture properties by increasing intake temperature, adjusting air/fuel ratio, using EGR, using additives (promoters and inhibitors of ignition), and modifying fuels by blending or preconditioning; • modifying engine operation and design parameters, such as the variable compression ratio, variable valve timing, supercharging, and using different concepts of fuel injection.
In this paper, a range of engine research results and available data from combustion kinetics studies were reviewed. It has been observed that although the quality of engine charge affects both ignition timing and the heat release rate of CAI combustion, a certain charge temperature is also essential to initiate the ignition of CAI combustion.
FUNDAMENTALS OF CAI COMBUSTION
Research studies on primary reference fuels (PRFs) indicated that the auto-ignition behaviour of a fuel depends largely upon its composition, molecular size and structure. N-heptane is a reactive straight-chain paraffin and has a low octane number. Iso-octane is a less reactive branchedchain paraffin, and has a higher octane number. Within internal combustion (IC) engines, these two fuels behave differently toward auto-ignition. N-heptane is characterised by a clearly distinguished two-stage ignition: the first stage ignition, which is also regarded as "cool flame", with negative temperature coefficient (NTC) behaviour, followed by the main ignition stage. Iso-octane undergoes a single-stage ignition only. The difference between the two ignition mechanisms has important consequences on the control of the CAI combustion [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
At low temperature, the rate of chain branching for a straight-chain paraffin (n-heptane) is much more intense than that of branched-chain paraffin (iso-octane). This is due to the structure of C 7 H 15 radicals which leads to higher rates of RO 2 isomerization which causes chain branching from ketohydroperoxide decomposition [17, 23] . Lower reactivity of the branched-chain paraffin (iso-octane) is due not only to the large number of less reactive methyl groups but also to the presence of tertiary and quaternary C atoms in its structure. The homolysis reactions of tertiary and quaternary structures compete with ketohydroperoxide formation, contributing to the lower reactivity of branched-chain paraffin's [18] . All of these indicate that a fuel which has a long-chain and many weakly bounded H atoms has high isomerization rates, which leads to rapid ignition. For compact and highly branched fuels with a large fraction of strongly bounded H atoms, ignition is inhibited [16] .
Chain branching processes play a major role in controlling the ignition of hydrocarbons. For hydrocarbons with twostage ignition behaviour, the first stage of ignition is the result of "cool flame" combustion and NTC behaviour, which were explained in detail by low temperature (T<1000K) chemical kinetics analysis [14, 17, 18, [24] [25] . At lower temperatures (up to 900K), ignition is controlled by degenerative chain branching processes. These chain branching processes are characterised by producing chain branching precursors, RO 2 radicals, which start to decompose above 800K. The decomposition of RO 2 radicals leads to an inverse temperature dependence of the overall reaction rate-NTC [26] . At This sequence is important since it precedes the second stage of ignition, i.e. the main ignition. During the preceding time, (also known as induction time), and temperatures up to 1000K, H 2 O 2 concentration increases steadily since the decomposition reaction rate is much slower than the production reaction rate. When a temperature of about 1000-1050K is reached, the reaction H 2 O 2 +MàOH+OH+M accelerates, which results in producing large amount of OH radicals. Most of these OH radicals then react with fuel molecules, produce water, heat and subsequently further increase the temperature of the reacting mixture [27, 28] .
When the temperature is sufficiently high (over 1100 K), the high temperature chain branching sequence (H+O 2 àO+OH) takes place and quickly dominates the overall reaction. The main ignition starts. This main ignition temperature is identical for almost all fuels [16] . This unity shows a distinctive feature that the high temperature chain branching reaction is fuel type independent. Results from simulations of n-heptane and iso-octane with CAI combustion [29] , cited in Figures 1  and 2 , confirmed that both fuels ignited (main ignition) when air and fuel mixture reached a temperature of 1100K. Results from experimental studies on CAI combustion [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] proved the consistency of this temperature and its independence from fuel type. Figure 2. Gas temperature as a function of crank angle for iso-octane during various CR [29] The effect of fuel molecular structure on the first and main stage of ignition is shown in Figure 3 [28] . Three isomers of pentane were compared at the same experiment temperature. It was found that n-pentane ignited firstly, followed by neo-pentane and finally iso-pentane. The main ignitions occurred at the same temperature, but the time required to reach such a temperature, which was the ignition delay, was different. N-pentane displayed the highest rate of ignition since its first-stage of ignition provided the highest temperature increase of the three fuels. In other words, the time required for main ignition depends on the heat released from the first stage of ignition, which determines the rate of temperature increase, although the total heat release during the first stage of ignition (low temperature regime) is considerably lower than that in the main ignition stage. This phenomenon was cited in Figure 4 , obtained from the CAI combustion with n-butane and air mixture [43] at different compression ratios. Two peaks of heat release rates were observed, where the first peaks indicated the heat released during the first stage of ignition. ADVANTAGES OF CAI COMBUSTION -Unlike conventional SI and CI combustions, CAI combustion uses a homogenous air and fuel mixture, no centralised combustion initiation is required, and the entire charge gives a parallel energy release throughout the entire charge. The advantage of such auto-ignition and simultaneous combustion nature is that the combustion limit towards leaner fuel-air mixtures can be significantly extended. The low heating value of lean mixtures lowers the peak temperature of combustion. Combustion temperature below the temperature of NOx formation (<1800K) [44] had been seen as a major advantage of the CAI combustion. Results cited in Figures 5, [33] indicated that NOx emission had been significantly reduced by CAI combustion compared with conventional CI and SI combustion. These results were obtained during part load operation with natural gas. Figure 5 . Specific NOx emission as a function of IMEP during CAI (HCCI) and spark ignition (SI) combustions of natural gas [33] Compared to SI combustion, CAI combustion has negligible cycle-to-cycle variations. Experimental results on gasoline [45] are shown in Figure 6 . It can be seen that large cycle-to-cycle variations occur with SI combustion since the early flame development varies significantly with the variation of air/fuel mixture strength in the vicinity of a spark plug. However, the combustion initiation of CAI takes place at many points simultaneously, and the unstable flame propagation is avoided.
At part load conditions, un-throttled engine control strategy could be employed with CAI combustion in order to reduce pumping losses [1, 33] , since CAI combustion can be achieved at a relatively high air/fuel ratio. The high endurance to exhaust gas recirculation (EGR) of CAI combustion can be another potential solution to the technology.
Compared to SI, high compression ratios are preferred by CAI combustion due to its self-ignition nature. Therefore, a higher thermal efficiency can be obtained. Results obtained from an experimental study [33] are shown in Figure 7 , where CR was 21:1 for CAI combustion, and 12:1 for SI.
Fuel rich zones are the main source of particulate emissions in conventional CI engines. However, with CAI strategy, air and fuel mixture are pre-mixed before combustion starts, and thus very low soot emissions can be achieved [40] . DISADVANTAGES OF CAI COMBUSTION -One of major drawbacks, which limits the commercial application of CAI combustion in road vehicle engines, is the difficulty in maintaining CAI combustion over the entire load range. This difficulty is reflected by the controls over ignition timing and rate of heat release. Primarily, the CAI
Licensed to Loughborough University
engines cannot be used. As a result, high peak pressure accompanied with a high rate of heat release and knock related problems could occur if rich mixtures were used [33] [34] [35] [40] [41] [42] . CO and HC emissions from CAI combustion could be higher than conventional CI [41] and SI [33] engines, too. In the engine combustion chamber with the CAI strategy, the combustion temperature is generally lower than conventional CI and SI, and it decreases faster in the expansion stroke. Thus, fuels in boundary layers and crevices have less chance of joining the late stage of combustion [28] . This may be the reason of HC emissions. Partial burning of those fuels at a later stage of expansion, due to temperature decreases, may contribute to a higher emission of CO.
CAI COMBUSTION IN 2-STROKE ENGINES
CAI combustion was recognised initially in two-stroke engines in the late 70s by Onishi et al [1] . It was observed that premixed air/fuel mixture could self-ignite at many points simultaneously, without obvious flame propagation. Later, Noguchi et al [8] , also obtained such combustion in an opposed piston two-stroke engine. Since then, researches into CAI combustion in two-stroke engines have made tremendous progress. In 1996, Honda built a two-stroke engine with CAI combustion concept and proved its performance and reliability by winning the fifth place in Granada-Dakar rally competition.
Different from four-stroke engines, two-stroke engines have relatively shorter intermittent breaks between combustion events and produce a larger amount of residual gases at high temperature inside combustion chambers particularly in part load conditions. These conditions make two-stroke engines more favourable for CAI combustion than their four-stroke counterparts. Results from Ishibashi et al [5, 6, 31, 32] confirmed the dependency of CAI combustion on in-cylinder gas temperature from various engine operational conditions. Recently they performed a further experimental study [33] on the impacts of various engine parameters on CAI combustion stability. Results indicated that CAI could only be controlled in a certain part of entire load range. At high loads, combustion cannot be maintained without the assistance of a spark ignition, both CAI and SI, therefore, have to be employed.
CAI COMBUSTION IN 4-STROKE ENGINES
A number of worldwide experimental studies using the CAI combustion concept in 4-stroke engines have been carried out in recent years. The major target among these studies was to achieve a stable CAI combustion over a wide range of engine operating conditions. In general, two possible directions have been investigated: modifying air/fuel mixture properties, and modifying engine operation and design parameters.
MODIFICATIONS IN AIR/FUEL MIXTURE PROPERTIES -The purpose of these modifications is to alter the reactivity of intake charge by changing its thermo-chemical properties, thus influencing CAI combustion.
Intake temperature -A higher intake temperature gives a higher heat release rate. It improves the start of first stage ignition (cool flame) and thus reduces main ignition delay. One popular method of generating CAI combustion and controlling the ignition timing is to adjust the intake air temperature [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . A higher intake temperature advances CAI combustion but the controllable range is limited. Outside this range, the engine volumetric and thermal efficiency can be largely reduced, due to the fact that if ignition is advanced into the compression stroke, it will cause significant negative work on the piston.
Air/fuel ratio -The strength of the air/fuel mixture has a direct effect upon CAI timing and its combustion heat release rate [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] 46] . Enriching the mixture decreases the ratio of the specific heats (γ) and thus reduces the amount of disposable compression heating in the charge. Consequently, the mixture has to be compressed further to reach ignition temperature. The ignition timing is therefore delayed.
Exhaust Gas Recirculation (EGR) -Two CAI combustion control strategies with EGR have been identified and investigated: trapping hot internal EGR, and adding cool external EGR into engine fresh charge.
Trapping hot residual EGR will increase the engine charge temperature when air/fuel mixture blends with it inside the combustion chamber. By tuning the quantity of residual EGR, ignition delay and heat release rate of CAI combustion can be adjusted [45] .
External EGR has a much lower temperature than internal EGR, and it will reduce the chemical reaction rate, thus delaying the ignition time, reducing the heat release rate, and lowering peak cylinder pressure. Christensen et al [36] performed a series of experimental studies by introducing EGR into engine inlet manifold. Reported results revealed that stable CAI combustion could be achieved when using up to 57% of EGR with isooctane, 62% with ethanol and 48% with natural gas. The compression ratio was 18:1, IMEP around 5 bar and the inlet temperatures of air/fuel mixture were about 120, 110 and 150 o C, respectively. Stable CAI combustion with diesel fuel at conditions of higher air/fuel mixture intake temperature (175-240 o C), lower compression (8:1) ratio, with up to 50% of EGR was also achieved in a certain load range [24] .
Additives -Some chemical components have the ability to inhibit or promote heat release at the first stage of ignition. If it is mixed with engine charge as an additive, it will affect the heat release of the first stage ignition of CAI combustion, then further influence the main ignition.
Dimethyl-ether (DME) has a low Octane number. When it is mixed with conventional fuels, it will promote the rate of heat release at the first stage of ignition, and thus stabilise CAI combustion. The rate of heat release from the first stage of ignition with methane is very modest. This makes the main ignition of methane very difficult to achieve in an engine cycle compared with other fuels. Experimental results obtained on a Co-operate Fuels Research (CFR) engine [46] showed that improved CAI combustion could be obtained by adding DME into methane (15% by volume).
Water is an inertial chemical component. As a potential additive to fuels, it affects the ignition timing and heat release rate of CAI. Experimental results [38] showed that the start of ignition was delayed and the rate of CAI combustion was slowed down with water injection, but only within a narrow range of load. On the other hand, unburned HC and CO emissions increased, which indicated that the combustion quality was reduced.
Fuel modifications -Fuel reactivity towards self-ignition is influenced by its composition, molecule size and structure. Fuel pre-conditioning or different fuels blending can make some fuels more favourable for CAI combustion, and make the combustion controlling process more achievable.
By separating a premium liquid fuel with standard 95 Octane number into vapour and liquid fractions, different octane numbers were found. The Octane number of vapour phase became 90, while the liquid phase remained unchanged [47] . The fraction with lower octane number is more suitable for CAI combustion due to its superior autoignition characteristic.
Blending fuels with different auto-ignition abilities can significantly change the CAI combustion performance. Blending DME into methane can improve the CAI combustion of methane by expanding the controllable range and reducing emissions, especially at light load [44] . On the other hand, different fuel blending formats can also be used to limit the operational range of the CAI combustion. Experiment study results from a blended fuel (19% of hexadecane and 81% of heptane) showed that the suitable air/fuel ratio range for CAI combustion narrowed much more significantly with an increased compression ratio [42] than neat diesel fuel [41] .
MODIFICATIONS OF ENGINE OPERATION AND CONTROL PARAMETERS -
The purpose of modifying the engine operation and control parameters is basically to achieve and to stabilise CAI combustion by altering the time-temperature history of engine charge, for various engine operating conditions.
Compression Ratio -A higher compression ratio increases the charge temperature and therefore advances the start of ignition of the CAI combustion [34] [35] [36] [37] [38] [39] [40] [41] . In addition, higher compression and thus expansion ratios contribute to higher thermal efficiency. However, knock can be a problem when a high compression ratio is used, particularly with lower octane number fuels.
Engine speed -The ignition delay of CAI combustion depends largely on air/fuel mixture performance and is relatively free from engine speed influences. However, it should be noted that the ignition time of CAI combustion relative to the engine crank angle should be retarded when the engine speed increases [34] [35] [36] [37] [38] [39] [40] . In the case that ignition occurs before TDC, the temperature rise from compression will compensate the relative ignition retardation at high engine speed. If ignition appears after TDC, the relative ignition delay caused by high engine speed will be further retarded by expansion, which slows down the temperature rise.
Variable valve timing (VVT) -Flexible active valve train (AVT) has been used in controlling the CAI combustion process by Lotus [45] . By tuning the engine valve timing, a manageable quantity of internal EGR can be trapped and used to heat fresh charge by directly mixing up to the required ignition temperature, just like CAI combustion in 2-stroke engines. AVT has been adjusted to work in two modes: sequential and simultaneous trapping of EGR and fresh charge. Promising results in reducing pollutant emissions, fuel consumption as well as in controlling CAI combustion at lean conditions have been obtained.
Supercharge -Supercharging can be used to increase the engine's IMEP, and extend the operational range of air/fuel ratio of the CAI combustion. Different fuels have been tested with various compression ratios and boost pressures. Results have shown that supercharging (up to 2bar boost pressure) increases attainable IMEP, and broadens the operational air/fuel ratio range, although the inlet temperature needs additional adjustment [35] . However, supercharging is accompanied by a high cylinder pressure (around 250bar for 2bar boost pressure), this may limit its potential application.
Heavy fuel injection -Port fuel injection or fumigation of heavy fuels, such as diesel, with CAI combustion often results in high HC and CO emissions and high fuel consumption due to a poor vaporisation process and wall interaction within the combustion chamber [12, [48] [49] [50] [51] [52] [53] . Direct injection has been under investigation, too. Two direct injection concepts can be used: early fuel injection, and late fuel injection.
Using the early in-cylinder fuel direct injection strategy, fuel is injected during early part of compression stroke. Fuel vaporisation draws heat from surrounding gases, and significantly affects the time-temperature history of the [54] .
The late in-cylinder fuel direct injection strategy is a relatively new approach to obtain "homogenous" diesel CAI combustion, as reported by Nissan [55] . During low load, fuel was injected around TDC. The ignition timing was managed by EGR, reduction in CR and strong swirl. As a result, combustion appeared well after the end of fuel injection and the combustion jet that is usually associated with conventional CI engines was eliminated. However, this method suffers from short ignition delay if EGR, reduction in CR and swirl are not employed.
SIMULATION STUDIES ON CAI COMBUSTION
There are significantly less CAI combustion simulation analyses reported in the literature than experimental ones. Fluid mechanic codes, like KIVA, with relatively simplified chemical kinetic models have been used [56] [57] [58] . These models are generally limited in accuracy due to simplified chemical kinetics which do not give satisfactory results under all possible operating conditions. Detailed kinetic codes have also been used to analyse CAI combustion [59, 60] . Most of these simulations use zerodimensional single-zone models, and assume a cylinder to be a "lumped" volume with unified composition and thermodynamic properties. These assumptions are acceptable to CAI combustion, where mixing is not a controlling factor.
Impacts of compression ratio, engine speed, air/fuel ratio and EGR on the ignition timing of CAI combustion with primary reference fuels: n-heptane and iso-octane, have been analysed using a single-zone model with adiabatic compression and expansion assumptions in [29] . Results suggested that iso-octane allows a higher compression ratio than n-heptane, thus has the potential for better efficiency. Engine operating conditions have a reduced effect upon ignition timing for iso-octane than n-heptane.
Single-zone with heat transfer correlation [61] has been used to simulate and analyse the impacts of CR and residual gas trapping (RGT) on ignition timing, burn duration and HC and CO emissions of CAI combustion with methane [62, 63] . The heat transfer correlation employed in the model ignored spatial variations in the cylinder, and assumed heat loss as a distributed function which was proportional to the temperature difference between the average gas temperature and the time averaged wall temperature. The simulated results indicated that an acceptable region of controlled CAI combustion (efficiency above 50% and NOx emission bellow 100ppm) could be achievable at high air/fuel ratios (λ>2) and high CR (up to 18:1) with supercharging (boost pressure 3 atmosphere).
The model used in [62, 63] introduced heat transfer correlation, therefore reduced over-predictions in peak cylinder pressure and NOx emission predicted by the model used in [29] where adiabatic compression and expansion had been assumed. However, both models suffer from oversimplification of real conditions within the combustion chamber. In practice, the boundary layer, which contains significant mass, has a lower temperature than the bulk gas inside the combustion chamber. The fuels inside the boundary layer and crevices can only be burnt during the very late stage of combustion when their temperature rises to the required levels, and their combustion extends over the entire heat release process. By assuming unified temperature throughout the entire combustion chamber, the estimated combustion duration and heat release process is reduced, therefore, peak cylinder pressure, and pressure rise rate are overestimated. Additionally, CO and HC emissions cannot be predicted accurately. However, the ignition timing of CAI combustion and NO emission are dependent on the temperature history of the bulk gas inside, the predicted results agree well with experimental data [18] .
By coupling the fluid mechanic code with the detailed chemical kinetic code, a multi-zone model has been developed by Aceves et al [27] . In this study, the KIVA code was used to calculate the temperature distribution within the cylinder under motored conditions. The cylinder was divided into 10 zones, in order to locate enough zones within major crevices and the boundary layer. Results from the KIVA code were then utilised in the chemical kinetic code, as inputs to calculate the CAI combustion heat release rate as a function of pressure, temperature and gas composition [59] . Good agreement in maximum cylinder pressure, combustion duration and combustion efficiency with results from the experimental study in [18] was obtained. The estimation of HC and CO emissions showed lower accuracy, probably due to insufficient crevices being included [27] . Despite largely improved accuracy in comparison with single-zone models, the model used in [27] still requires a significant amount of computational time, about 30 hours for the KIVA code followed by 12 hours for the detailed chemical kinetics code. (The time required for models in [29 and 62,63] is several orders of magnitude less.)
A model with a stochastic approach, which includes effects of turbulent mixing and diffusion together with detailed chemical kinetics, has been used for analysing CAI combustion with natural gas [64] . The fact that the boundary layer and the air/fuel mixture in the crevices are significantly cooler than bulk gas was included into the model. The partially stirred plug flow reactor model, a stochastic reactor model, was employed for modelling the turbulent mixing between boundary layer, crevices and the turbulent core together with chemical reactions within the cylinder. The detailed chemical kinetic mechanism for natural gas combustion was incorporated in the stochastic reactor model. Predicted results showed good agreement in ignition timing, combustion duration, cylinder peak pressure, and HC and CO emissions with experimental results obtained in [18] . The improved prediction in CO and HC emissions, compared with results from the model used in [27] , may be due to the consideration of turbulent mixing between boundary layer, crevices and the turbulent core gas.
CONCLUSIONS
The CAI combustion strategy has the potential to reduce NOx and soot emissions and improve part load engine efficiency. It is suitable for a variety of fuel types. However, to achieve a successful commercial application, problems such as control of ignition timing and heat release rate over the entire engine operation range, have to be solved.
CAI combustion needs an essential ignition temperature. The methods used to achieve such a temperature have to be able to manage the rate of heat release followed by ignition and avoid extreme sharp pressure increases.
The results obtained from experimental investigations and theoretical simulation studies have indicated that the control over CAI combustion can be achieved with lean mixtures in a limited range (λ >2) by using various engine control strategies and air/fuel mixture modifications.
Variable CR and valve timing technologies are potential control technologies for CAI combustion. Late fuel incylinder direct injection can be an ideal strategy for CAI combustion with heavy fuels, such as diesel at low loads.
Since the main ignition of CAI combustion occurs at a certain temperature, which is independent of fuel types, modification of the air/fuel mixture by fuel blending or using various additives can only control CAI combustion via their effects on the heat release rate during first stage ignition. The selection of additives should be in agreement with the fuel type and its octane number.
Future experimental investigations should focus on variable valve timing, late in-cylinder injection for heavy fuel in particular, and supercharging. These potential technologies can be applied individually or combined in various forms.
Most calculations have so far been done using closed cycles. In future, further theoretical simulation studies should include the impacts between intake and exhaust flows over the entire engine cycle. The impact between intake and exhaust flows has serious effects upon the temperature time history of the charge inside the combustion chamber. Therefore, it is anticipated that such an impact may have a serious effect on CAI combustion as well, since CAI combustion is very sensitive to charge temperature time history.
Using a lean air/fuel mixture or diluting a richer mixture largely with EGR can control the heat release rate of CAI combustion, but it will result in poor power output. SI offers a high power output density. A hybrid CAI-SI strategy can therefore operate the engine with CAI at low loads to improve emission and efficiency, without sacrificing the high load performance where SI strategy can be used.
For engines utilising heavy fuels, CAI has the potential to significantly reduce soot and NOx emissions without sacrificing fuel efficiency. However, this benefit can only be considered when the engine load is low. At high load, fuel enrichment would largely increase the heat release rate of CAI combustion and result in an extremely high cylinder pressure increase, due to the nature of simultaneous combustion throughout the entire combustion chamber. At high load, conventional CI may still have to be employed.
